The Source Physics Experiment (SPE) will involve a series of explosions in various geologic and emplacement conditions to validate numerical simulation methods to predict behavior of seismic wave excitation and propagation for nuclear test monitoring. The first SPE's currently underway involve explosions in the Climax Stock (granitic geology) at the Nevada National Security Site (NNSS). Detailed geologic data and published material properties for the major lithologic units of the NNSS and surrounding region were used to build three-dimensional models for seismic wave propagation simulations.
source in a 3D geologic structure show large amplitudes on transverse component. For paths to the south sampling the granite, tuff and alluvium lithologies transverse component amplitudes are as high as 50% of that on the vertical and radial components.
Introduction
The Source Physics Experiment (SPE) is a major new research effort to improve understanding and predictive modeling capabilities for the generation and propagation of seismic waves from explosions for nuclear explosion monitoring. Explosions will be conducted at the Nevada National Security Site (NNSS). The SPE will involve explosions in different emplacement conditions such as different lithologies (rock types), depth-for-burial, yield and near-source rock conditions. The objective of the SPE is to develop predictive capabilities of explosion generated seismic and acoustic waves using numerical simulation. This builds on the national laboratories existing capabilities for numerical simulation of explosion phenomena and world class high performance computing. The first SPE explosions will be conducted in the Climax Stock, a granitic body just north of Yucca Flat. This report will describe preliminary efforts at Lawrence Livermore National Laboratory (LLNL) to simulate the far-field (elastic) motions generated by the first planned SPE explosions before the explosions take place. The goal of this report is to demonstrate the current far-field seismic wave modeling capabilities and to make predictions of the motions with the current understanding of the geology and seismic wave propagation properties of the NNSS unbiased by the actual recordings of the motions. By far-field we refer to the region beyond the non-linear/linear transition near the explosion, or the socalled elastic transition. Admittedly far-field spans a large range of distances from a few meters away from the shot point (ground zero, GZ) to the most distant recordings.
Because the geologic structure varies so much at the NNSS the motions are strongly impacted for distances of less than 1 kilometer (km). Another report on simulation of the near-field region with non-linear hydrodynamic modeling is underway.
The SPE Seismic Network
A dedicated network of near-field accelerometers, seismic and infrasound sensors will record all explosion wave motions. Seismic stations will cover the near field to nearregional distances (~100 km although signal strength will strongly depend on explosion yield and emplacement conditions). Figure 1 shoes the seismic stations that will record the first SPE shots, displayed on regional and local scales. The permanent seismic network operated by the University of Nevada at Reno (UNR) will record the shots including stations within 10 km (TWP) and others at larger distances. A dedicated network of temporary seismic stations has been deployed by Sandia National Laboratory (SNL) and National Security Technologies (NSTec) to record the shots. These stations are deployed in five lines radially outward from the GZ at different azimuths with dense spacing of 100 m within 2 km of GZ, 500 m from 2-5 km and 2 km spacing beyond. Two lines are quite short (L1 and L2) due to rough topography and proximity to the NNSS boundary. Additional seismic stations will be deployed, including rotational sensors. The exact configuration of stations will not be known until the actual experiment take place.
Geologic and Geophysical Properties of the SPE and NNSS
Seismic waves are strongly impacted by geologic structure of the earth that manifests itself as three-dimensional (3D) variations in density and compressional and shear wavespeeds. This leads to strong source-sensor path variations in the ground motions.
Surface topography also impacts ground motions especially for sources near the surface such as shallow explosions and where topography is rough. There exists a tremendous wealth of geologic and geophysical data for the NNSS based on characterization and well-logs studies done during the era of underground nuclear testing. These data exist in the legacy archives of the Nuclear Test and Containment Programs at the nuclear laboratories. LLNL has integrated much of these data into a unified database for the purposes of generating detailed 3D models for geophysical studies, including explosion containment, hydrodynamic, seismic ground motion and hydrologic investigations. For some projects, such as seismic ground motion modeling, it is necessary to include regions off the NNSS where distant observations may be made.
Geologic characterization involves the specification of the contact surfaces between major lithologic (rock type) units that have different geophysical properties (such as density, seismic wavespeeds, porosity, permeability, etc…). and pre-Tertiary (Paleozoic) rocks. For a summary of geologic structure of the NNSS see Howard (1985) . The main geologic units are:
• Alluvium -sedimentary deposits Geologic data from a wide variety of sources are integrated at LLNL using the EarthVision software developed by Dynamic Graphics Inc. Surfaces are output for use in our seismic wave simulations. While the depth to each lithologic unit is specified by the geologic model, seismic simulations require material properties for wave propagation, specifically the density, ρ, compressional and shear wavespeed, v P and v S , respectively.
The material properties are known to vary greatly for the range of lithologies considered at the NNSS. Summaries of material properties are compiled in reports published by Nuclear Test and Containment Programs at the nuclear laboratories (e.g. Howard, 1985) .
For this study we performed simulations for a limited domain around the SPE, 8 km by 8 km at the surface and 5 km in depth. Figure 4 shows the computational domain for our preliminary simulations, along with the topography and seismic stations. This domain allows us to simulate the response for the five seismic lines for ranges up to 4 km where the station spacing is quite dense and where the geologic structure varies dramatically (see below). We made simple assumptions and assigned constant seismic wave propagation properties for the lithologies in the NNSS model. The domain encompasses the four major lithologic units for the near-source SPE model. Table 1 gives the assumed constant material properties for the four lithologic units in the preliminary SPE model. These material properties (Table 1 ) are assigned to the lithologic layers. The assumption of constant material properties is a rough approximation of the real earth. Even so there is considerable variation in estimates of the mean values of these material properties for the different lithologies. This is especially true for the alluvium and tuff lithologies. Table 1 . Note that the geology is shown along with shaded relief which distorts the color of the wavespeed regions.
Note that the geologic units are separated by rectangular boundaries. This is an artifact of sampling the lithologic surfaces with relatively low resolution of 50 meters. This is a much coarser resolution than our grid spacing of 5 meters. In future simulations we will be able to render the model at much higher resolution and these artifacts will disappear.
However, as will be seen the seismic wave simulations below this coarse version of the model does not strongly impact ground motions.
The variation in 3D structure is indicated in Figure 6 where we show the compressional wavespeed in depth cross-section through the SPE ground zero (GZ) along with the topography, which is included in our wave propagation modeling. Topography varies from approximately 1300 -2200 meters above sea level within the computational domain.
Figure 6. (left)
West-to-east and (right) south-to-north vertical cross-sections of the compressional wavespeed through the preliminary SPE model, centered on ground zero (GZ). This model uses the surfaces specified by the NNSS model and constant material properties compiled in Table 1 .
We are able to assign more realistic depth-dependent properties to the lithologic units and will do this in later simulations. In fact variation in the material properties due to uncertainty leads to significant variation in the waveform response. These simulations should therefore be considered preliminary. Model validation using independent data from the SPE will be part of future studies.
The WPP Anelastic Wave Propagation Code
Simulations were performed using the WPP ( • 3D variations in the wave propagation properties (density, ρ, compressional and shear wavespeed, v P and v S , respectively);
• 3D variations attenuation quality factors for compression and shear waves (Q P and Q S , respectively);
• lateral variations in the surface topography;
• general representation of seismic sources:
o unlimited number of point sources o moment tensor (explosion, CLVD, double couple, etc…) o point forces;
• depth-dependent mesh refinement to allow coarser grid spacing for higher wavespeeds at depth;
WPP is an open source computer program. The source code, user reference guide and associated files can be obtained for free from the project website (Petersson, 2010) .
WPP uses a second-order node-centered (so called "full grid") finite difference scheme in Cartesian geometries. This method has several advantages over the conventional fourthorder velocity-stress staggered grid approach (Virieux, 1984 (Virieux, , 1986 Levander, 1988; Graves, 1996) . In particular, WPP solves the elastic wave equation as a second-order system of partial differential equations (PDEs) for the displacements without first rewriting the governing equations as a larger first-order system for the velocities and stresses. The most obvious advantage of our approach over the velocity-stress formulation is that the governing equations are a system of 3 PDEs instead of 9, thus reducing memory requirements. Furthermore, the current approach is stable for arbitrary heterogeneous elastic materials, thus removing the need to average any material properties, which often is necessary to prevent numerical instabilities in the velocitystress formulation. The difference formulae in our approach is more compact than the fourth order staggered grid scheme, and thus requires fewer memory accesses, which is becoming increasingly more important for good computational efficiency on modern high performance machines. However, these advantages are partially offset by the disadvantage that a second-order accurate method requires more spatial grid points per wavelength compared to a fourth-order method. All simulations presented in this study are based on at least 15 grid points per wavelength. The node-centered approach allows for the straight-forward application of a curvilinear mesh to represent surface topography and for the treatment of hanging nodes with mesh refinement.
WPP can accurately represent the free-surface boundary condition using a curvilinear grid. The code has a user-friendly feature to automatically build the mesh for the each simulation based on the grid spacing, mesh refinement and surface topography. WPP reads the input topography for the computational domain. Based on the wave propagation parameters the topography is filtered so that no short wavelength (high curvature) features in topography will introduce waves that cannot be resolved on the mesh. The curvilinear mesh is built using the filtered topography and merges with a standard Cartesian mesh at a user-specified depth. To illustrate this we show the input topography and the topography filtered by WPP in Figure 7 . This figure shows that for the relatively fine grid with grid spacing, h = 5 meters, the topography used by WPP is undistinguishable from the actual topography.
Figure 7. (left) Input topography for the SPE preliminary model domain and (right)
topography after being read by WPP, filtered and used to create the curvilinear grid for the case when the grid spacing, h=5 meters.
Details on the WPP method can be found in various publications (Nilsson et al., 2007; Appelo and Petersson, 2008; Petersson and Sjogreen, Petersson and Sjogreen, 2010a) .
WPP has been verified by several methods. We have compared the response from WPP calculations to analytic (e.g. Lamb's problem), semi-analytic and computed canonical solutions (e.g. layer over a half-space) to canonical problems, such as the Pacific Earthquake Engineering Research Center Lifelines Project tests of 3D elastodynamic codes (Day et al., 2001 ) and in models of three-dimensional heterogeneity by the method manufactured solutions (Nilsson et al., 2007) . Validation of wave propagation with topography is demonstrated in (Appelo and Petersson, 2008) . WPP has been used to model large (M W > 6.5) finite rupture earthquakes such as the 1906 San Francisco earthquake (Aagaard et al., 2008) , Hayward Fault scenario earthquakes (Aagaard et al., 2010) and to evaluate a 3D model of the San Francisco Bay Area .
We have also used WPP to simulate the effects of realistic surface topography on shallow explosions such as the 2006 and 2008 North Korean nuclear tests .
SPE Pre-Shot Simulations
Pre-shot simulations for the planned SPE explosions seek to describe the elastic response using the current knowledge of the geology and material properties using simple representations of the source. Detailed non-linear modeling is also being done to estimate the response of SPE shots at the very-near source sensors. The objective of these simulations is to get a rough estimate of the explosion generated ground motions and obtain a baseline prediction of the ground motions unbiased by the actual data. We performed a series of simulations to investigate the effects of various features of the 3D seismic model. Several features of the simulations were common to all cases considered in this study:
• the same computational domain was used 8 km x 8km x 5 km;
• the grid spacing was 5 meters;
• the minimum wavespeed (shear wavespeed for alluvium) was 1000 m;
• the combination of grid spacing, minimum wavespeed and resolution (points/wavelength) make it such that frequencies up to 13 Hz can be accurately resolved on the grid;
• the simulations included about 0.8 billion grid points, although the exact number of grid points is different for different cases;
• the same source location was used for each case; Table 2 describes some of the details of the difference between these simulations, including the effects being investigated. In the following we illustrate the effect of different model features by showing the full-field images of the ground motions at different times ("snapshots" of the motion) and with the time-domain response at locations of the seismic stations ("synthetic seismograms").
The first comparison shows two cases (Runs 1 and 2 from Table 2) for an explosion at the SPE GZ at 60 m depth (comparable to the planned 180-190 foot shots for the first two SPE shots). The images in Figure 8 show the vertical component of the ground velocity at 0.75 seconds after the explosion for the flat (left) and topographic (right) cases using a simple half-space model. The response for the flat surface is very simple with just an outward propagating P and Rg wave. The topographic case shows some distortion of the wavefield to the west and north of GZ where topography steepens. This effect is more pronounced at later times when the wavefield passes through the rougher topography to the west and north of GZ. For the 3D geologic model the transverse components are quite large, up to 50%, compared to the vertical and radial. It appears that energy arrives on the transverse component corresponding to P and Rg arrivals on the other components. Energy in the coda, which is largest for lines 3 and 4, seems to correlate on all three components with a flat or topographic surface. These observations indicate that 3D volumetric heterogeneity in the near-source region is effective at scattering explosion generated energy from the P-SV system to the SH system.
Conclusions and Recommendations
This report describes preliminary efforts to model seismic ground motions for the planned first series of Source Physics Experiments (SPE) at the Nevada National Security Site (NNSS). We built seismic models (densities, compressional and shear wavespeeds) from existing detailed data on lithologic (rock type) layers and average properties of each lithology. A region of 8 km by 8 km around the SPE shot was included in our simulation domain and this domain has considerable variation in geologic structure near the surface.
Simulations demonstrate that 3D volumetric structure has a strong impact on ground motions. Topography has a smaller effect on ground motions, however where the topographic is steep the effects are more pronounced. 3D structure has the effect of causing scattering of explosion generated energy, which initiates as purely in the P-SV system (vertical and radial components), to the transverse component. The amplitude of energy on the transverse component is surprisingly large for paths to the south of the SPE ground zero, rising to nearly 50% of the amplitude on the vertical and radial components.
The large amplitudes on the transverse components for 3D volumetric models indicates that near source geologic structure can be an effective mechanisms for generating shear waves for shallow explosions. Similar results were found for rough topography in a study on the North Korean nuclear test site . If the behavior of our admittedly simple seismic model (constant material properties in laterally varying layers)
is representative we expect that shear waves generated by non-linear processes may be difficult to observe once the waves have left the Climax Stock granitic geology. It thus may be worthwhile to deploy additional seismic stations at close range (less than 500 m) but at different azimuths.
Further work is needed in several areas. We have generated substantial synthetic data but we have only analyzed a few features of this data set. We would like to make predictions of the absolute amplitudes of the SPE shots, based on explosive yields and emplacement conditions. We would also like to investigate the effects of different source mechanisms, including Compensated Linear Vector Dipole (CLVD) sources, within the 3D volumetric and topographic structure of the SPE source region. Finally, we would like to understand how uncertainty in the seismic wave propagation (material) properties of the lithologic layers maps into variations in ground motions.
